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ABSTRACT
Eichaker, Lauren Rebecca. MS. The University of Memphis. August 2013.
Regenerating the Enthesis: Characterizing Tendon to Bone Interface Development on
Polymer Scaffolds Under Cyclic Strain Application. Major Professor: Dr. Warren
Haggard.
This research is the application of cyclic strain to a polyester terepthalate (PET)
scaffold seeded with fibroblast cells on one half and osteoblast cells on the other half for
28 days. The apparatus ensured that osteoblasts received no applied strain except that
from the flowing media. Fibroblasts received strain (0%, 2.5%, and 5%) in the form of
0.089 Hz load cycles, which incorporated 10 seconds of rest, 4 hours per day. This
preliminary research showed that fibroblasts can respond to strain application and media
flow by depositing approximately 2 times more glycosaminoglycans and collagen matrix
onto the PET scaffold per cell (µg/µg) in comparison to a static condition. In addition,
osteoblast cells produced osteocalcin, signifying that the bioreactor environment that
incorporated media flow and/or cyclic strain to the fibroblasts promoted osteoblast
maturation.
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PREFACE
Chapter Four of this thesis is an article, which is modeled after the format for the
Journal of Orthopedic Research, entitled “Regenerating the Enthesis: Characterizing
tendon to bone interface development on polyester scaffolds under cyclic strain
application.”
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CHAPTER 1
INTRODUCTION
Problem Statement
Once severed or severely damaged, the injured tendon to bone insertion point
heals slowly or is not regenerated after surgical intervention.1 The material mismatch at
the attachment of tendon to bone (enthesis) is amongst the most severe for any tensile
connection in nature.2 Attaching dissimilar biomaterials is a major challenge in tissue
engineering, and has proven to be a challenge in surgical practices involving enthesis
repair as well.2 The harvesting of a tendon or ligament graft from a donor site can risk:
1) donor site morbidity, 2) unnecessary pain for the host and 3) an added risk of infection.
Biomedical engineers and biologists have thus sought to model the tendon-to-bone
interface in order to better understand how to repair this enthesis region.3,4,5,6,7
Tenocytes/fibroblasts that comprise tendon/ligament tissue seem more prone to
exhibit cellular traits and activities deemed healthy (e.g. more matrix deposition, aligned
fibrils) when subject to tensile mechanical stimulation. Mechanical load induced as
stretch, applied externally to fibrous connective tissues, such as tendons which have
tenocytes, may induce several beneficial signals at the extracellular matrix level.8 This
signaling occurs through mechanotransduction pathways affecting the re-modeling
processes (both catabolic and anabolic).8 It has been reported by researchers that the
cells sense the applied strain and adjust their synthesis of matrix proteins, the alignment
and density of the collagenous matrix, and the regulation of several growth factors.8
Studies examining the influence of mechanical stretch on the regulation of the
biosynthesis of connective soft tissues demonstrated that the magnitude, frequency, rate
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and duration of strain imposed on cells influenced cellular biochemical responses.8 Thus,
fibrous connective tissues display some plastic characteristics and evidence suggests that
imposing tensile strain on tendon cells is an important regulator for the homeostasis of
connective tissues.8
Compared to tendon cells, bone cells thrive under compression.9 Tissue
engineering methods involving a scaffold seeded with both tendon and bone cells should
avoid the use of a donor site for the repair of injuries involving the tendon-bone interface.
Hence, a device is needed to carry out two functions: (1) mechanically load, in tension,
the tendon region of a scaffold and (2) allow the bony region of the same scaffold to
remain static in order to produce a strong, healthy graft for enthesis repair.
Previous research done at the University of Memphis (University of Memphis,
MS Thesis, Goodhart, 2012) involved the development and testing of a device that
applies cyclic strain to one region of a scaffold, while allowing the remaining portion to
stay static.3 He studied a single cell type (fibroblasts), strain rate (1 hour/day for 14 days)
and strain level (5%). In order to better define the capabilities of this device, which
utilizes regional strain differences to elicit cellular responses and simulate the gradual
transition from bone to tendon and this enthesis region, an evaluation of a dual culture
involving osteoblasts and fibroblasts is required.3,4,9,10 As mentioned in studies by Joshi
et al., Maeda et al. and Scott et al., the results of applying multiple strain rates and levels
should also be conducted to better understand the effects of strain rates and levels on dual
culture.5,6,7
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Hypothesis
We hypothesized that the targeted cyclic application of prescribed, distinct strains
to fibroblasts, while the osteoblasts remain static, can produce extracellular matrix similar
to native tendon matrix in the transition zone of tendon to bone. This proposed study
intends to expand on the initial studies executed at the University of Memphis
(University of Memphis, Master’s Thesis, Goodhart, 2012 and University of Memphis,
Doctoral Dissertation, Cooper, 2013) in order to find more effective settings for the cell
stretcher that result in cell and matrix characteristics more similar to the native enthesis.
My hypothesis is that a higher strain rate (up to 5%) increases the glycosaminoglycan and
collagen deposition of the constructs, when compared to static cultures in the same
environment (0% strain).5,11,12 Longer strain application duration has resulted in better
cell survival as described by Maeda et al.6 Additionally, longer strain application is
important for cells to create an organized and robust matrix such that the scaffold could
see potential use in vivo. Studies by Scott et al. suggest that by allowing the study to
continue to 28 days or more, better matrix remodeling and deposition should be
observed.7
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CHAPTER 2
LITERATURE REVIEW
Engineering The Enthesis: Motivation
The tendon/ligament
tendon/ligament-to-bone insertion, known as the enthesis, is a functionally
graded material that exhibits a gradual transition from unmineralized to mineralized
tissue, with no clear borders between the two regions.1,2 Tendon/ligament transitions into
fibrocartilage, which transitions into mineralized
fibrocartilage,
ilage, which transitions into bone (Figure
1). Tendons and ligaments are composed of mainly
collagen type 1 aligned into ordered arrays oriented
in the direction of force.1 Fibrocartilage,
Fibrocartilage the
transition zone into bone is primarily made up of
collagen type
pe 2, with notable amount of collagen
Figure 1. A schematic of the collagen fibers
in a cross-sectional
sectional view of the tendon
tendon-tobone insertion. Collagen fiber orientation
becomes less organized from tendon to
bone.1

type 3 and small amounts of collagen types 1 and
10, decorin and aggrecan.1 The mineralized
fibrocartilage,, which is the closest subzone to

bone, is primarily composed of collagen type 2 with large amounts of collagen type 10
and appreciable amounts of aggrecan
aggrecan.1 Mineralized fibrocartilage exhibits less collagen
fibril alignment than do fibrocartilage and tendon tissue. Bone is composed of highly
mineralized collagen type 1 matrix. These compositional and organizati
organizational
onal gradations
allow for the transitional region to mitigate stress concentrations and enable the safe
transmission of forces.1 When this transitional region is damaged or broken, medical
attention is necessary, but medical researchers currently note th
thee inefficiency of existing

4

practices used to repair the tendon-bone interface once severed.13,14 For example, the
integration of tendon grafts used for the replacement of the anterior cruciate ligament is
still sometimes unsatisfactory and may be associated with postoperative anteriorposterior laxity.13,15,16 Clinical studies have also demonstrated a high rate of incomplete
healing in rotator cuff tendon repair as well.14,16 Incomplete healing in tendon repair
endeavors has resulted in a societal burden where in 29 million adults in the United States
report difficulty carrying out activities of daily life without assistance. More than half of
these reports are due to musculoskeletal conditions (e.g. the incomplete healing of the
tendon to bone interface).1 Also, approximately 30% of the population of the United
States over 60 years of age has a rotator cuff tear.1 On a larger scale, the World Health
Organization reports that musculoskeletal disorders account for the third greatest number
of potential life years lost as the result of the mortality and morbidity of musculoskeletal
injuries/diseases.17,18 Clinical studies have shown (for the rotator cuff) that current
practices used for anatomic restoration of tendon attachment at the tendon-to-bone
insertion site have failure rates of 30-94%.1 For these reasons, tissue engineering
researchers and engineers seek to provide a solution for the alleviation of damaged
tendon-bone interfaces using artificial constructs instead of auto/allografts traditionally
used during surgeries.
Biological Properties of the Enthesis
Biomedical engineers recognize tendon as a dynamic tissue which transmits
tensile loads between muscle and bone, thus allowing joint movement. At a cellular
level, it is populated by tenocytes, a specialized, mechanosensitive cell type organized
into gap junction-linked arrays.7 Tenocytes are responsible for synthesizing and
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maintaining a biomechanically competent extracellular matrix, and for intensifying
adaptive measures in response to periods of increased loading.7 Glycosaminoglycans
(GAGs) and collagens are indicative of tenocyte matrix remodeling. Studies have shown
that an increase in GAG presence results in a more flexible tissue and or scaffold.19,20
Tendon transitions into bone at the enthesis, so it is crucial to take into consideration the
conditions of the enthesis region inhabited by osteoblasts. In order for complete enthesis
regeneration, mineralization of one portion of the transitional region must occur.
Osteocalcin, which is a late emerging marker of osteoblast health and signifies matrix
development by mature bone cells, could be a useful marker for the osteoblast activity in
regenerated enthesis grafts.21,22 The local stress environment observed in the
tendon/ligament to bone transitional region can be used to promote specific cell
responses. Kuo et al. applied tensile stress to mesenchymal stem cells encapsulated in
collagen and observed increases in scleraxis (SCX), a tendon-specific transcription factor
that is responsible for collagen production.1 The cells also expressed tendon-related
matrix metalloproteinases and collagen type 1, indicating that tissue remodeling and
matrix deposition were occurring, respectively.1 Altman et al. found that mechanical
stimulation is responsible for helically organized collagen fibers formed in the direction
of the applied tensile load at the periphery of mechanically stimulated ligaments.23 This
is a feature absent in the controls (no applied load) used by Altman et al., and in the
absence of ligament-specific exogenous growth and differentiation factors when applied
to mesenchymal progenitor cells.23 Also, Altman et al. found that cell alignment in the
direction of mechanical loading was 2.5-fold higher in mechanically stimulated
samples.23 Moreover, this study found that collagen type 1 was expressed in
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mechanically loaded samples, but not in controls where loading was absent.
absent 23 Collagen
type 1 that was found in mechanically lo
loaded samples was found
nd to be present in bundles
oriented in the direction
ection of loading.23 In a separate study, Yang et al. found that, even
e
in
serum free conditions,, increasing the strain percentage on stretched tendon constructs
increased cell proliferation and the
production of collagen type 1.
1 24 This
increase is significant because serum
(in particular FBS) has been regarded
as an essential factor in culturing
culturi
healthy cells.25 Furthermore, in an in
vitro study of mesenchymal
Figure 2 Elastic modulus and yield strength of fibroblast
fibroblastseeded constructs after 7 days in culture under varying
strain rates.7

differentiation, Thorpe et al.
determined that delayed application of

cyclic compression to agarose
agarose-seeded
seeded mesenchymal stem cells after three weeks of
exposure to transforming growth factor β 3 (TGFβ3) significantly enhanced
chondrogenesis
ondrogenesis compared with constructs im
immediately
mediately subjected to both TGFβ3
TGF and
compression. Their study suggests that fibrocartilage precursors must be prompted
biochemically before they respond to mechanical fforces.1 Taken together, these
t
studies
provide evidence that extending the duration of the cell growth from days to weeks may
have multiple benefits, e.g. increased glycosaminoglycan deposition and more confluent
c
cell population trends.
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Biomaterial Properties of the Enthesis
Characteristic properties such as elastic modulus and
nd yield strength are important
to assess when determining the in vivo viability of a bioengineered tissue. Researchers

Figure 3. Elastic moduli and yield strengths of fibroblasts seeded in a 7 day culture under varying

conditions. A) variable frequency, with rest periods at max deformation B) variable number of
cycles/day.5

have investigated specific
conditions that yield more robus
robust
matrix deposition,, which ha
has been
found to result in better material
properties for the tissue engineered
tendon. During their experiments

with a cyclic strain bioreactor,
Joshi and Webb found that the

Figure 3C. Effect of varying the time in culture of fibroblast
seeded scaffolds under 5% strain at 0.5 Hz for 7,200
cycles/day over the course of 4 hours. 1.05 second rest
periods were included
uded in the scaffolds' regimen.5

elastic modulus and yield strength of tendon increase with increasing strain rate (up to a
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threshold) (Figure 2).5 A frequency range of 0.1-0.25 Hz was found to optimize tendon
elastic modulus and yield strength (Figure 3, A). An optimized cycle number can also
improve elastic modulus and yield strength (Figure 3, B). Their 4 week study supports
the concept of conducting a long duration study (weeks) as opposed to a short duration
study (e.g. 14 days) (Figure 3C); the conditions in this study yielded constructs with the
highest elastic modulus and yield strength.5
Co-culturing cells has also proven successful in creating an environment that
promotes cell patterning similar to that of the
native enthesis.10,11,26 Wang et al. investigated
the influence of heterotypic interactions between
mature cell populations seeded separately, but
sharing medium in a 2-dimensional co-culture
study involving fibroblasts and osteoblasts
plated opposite each other in a tissue culture
dish.26 In that 2-D study, the cells had an
intervening interface between them. Cells
migrating into the interior of the co-culture
Figure 4. Spalazzi et al. utilized a stratified
approach when seeding scaffolds, as opposed to
a gradient approach as shown.1,10,16 In Spalazzi
et al.’s research, phase 1 is seeded with
fibroblasts, phase 2 is seeded with chondrocytes
and phase 3 is seeded with osteoblasts.

interface exhibited increased cartilagespecific collagen type 2 and cartilage
oligomeric matrix protein gene expression.26
These study results suggest that enthesis

development may be stimulated by fibroblast-osteoblast interactions. Specifically,
tendon-to-bone related transdifferentiation may be stimulated by fibroblast-osteoblast
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interactions.26 Spalazzi et al. investigated the role of the cell interactions in a stratified,
3-D, three-phase co-culture model (Figure 4).10 Phase 1 was composed of poly(lactic-coglycolic acid) (PLGA) (10:90) and was seeded with fibroblasts, serving as the tendon
formation region. Phase 3 was seeded with osteoblasts and was comprised of sintered
PLGA (85:15) and 45S5 glass seeded with osteoblasts. Phase 2, the fibrocartilage region,
was composed of PLGA (85:15) and was left devoid of cells at the beginning of the
study. This set-up resulted in cell migration into Phase 2 and significant collagen type 1
deposition in Phases 1 and 2, while phase 3 became highly mineralized. However, the
cells involved did not form a fibrocartilaginous region in Phase 2.10 In a second 3-D
study, the researchers replicated the experiment, but added chondrocytes to Phase 2. In
this study, fibrocartilage was observed in Phase 2 and tissue continuity across the three
phases and Phase 3 mineralization was seen.16 These studies, taken together, found that
the gradation found in the enthesis may be achievable with the appropriate cell types and
extracellular matrix constituents using a stratified approach.10,16,26
Bioreactors for Enthesis Modeling
In order to better understand cell behavior, researchers have sought to model the
desired behavior utilizing devices called bioreactors. Bioreactors, for example the
commercially available Flexcell®, allow for the application of conditions to cells, such
that their responses can be observed.26 Bioreactors that apply mechanical stimuli to cells
can provide insight into how cell function is affected by stress and strain.28,29,30 In vivo,
cells and the surrounding extracellular matrix are saturated with interstitial fluid, which is
supplied by the capillaries and drained by lymphatic vessels. Interstitial fluid flow has
been postulated to elicit specific cell responses from fibroblasts, smooth muscle cells and
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other cell types.22,31 Ultimately, a bioreactor capable of applying gradients in mechanical
stimuli and fluid flow could be combined with spatial and temporal application of
developmentally relevant biological factors, thereby replicating the developmental
environment needed to produce a graded insertion point for the tendon-to-bone interface.1
Tissue engineered tendon/ligament may be modeled using biological or synthetic
scaffolds, upon which cells grow. These scaffolds serve to mechanically augment and/or
improve the rate and quality of biologic healing.1 Both biological and synthetic scaffolds
are currently used in tissue engineering research. Biological scaffolds are obtained from
mammalian (human, porcine, bovine, and equine) tissues.32 In order to minimize the risk
of host rejection while retaining its natural collagen structure and mechanical properties,
biological materials are processed through a cascade of steps in order to remove any
noncollagen components.32 First, they are cleaned. Next, lipids or fat deposits are
removed and cellular and DNA materials are disrupted. Lastly, crosslinks are added and
the materials are sterilized. The final products of these biological scaffolds are composed
of mostly naturally occurring collagen fibers, several of which have distinctive surface
chemistries and native structures that promote cellular proliferation and tissue ingrowth.32 Because allograft or xenograft biological scaffolds may cause inflammatory
responses in the host, there is a significant interest in developing synthetic extracellular
matrix grafts for surgical use.32 Synthetic extracellular matrices, such as polyglycolic
acid, polylactic acid and polyester terepthalate (PET) may serve as an adequate scaffold
for cellular and fibrotic growth and provide additional strength to the enthesis while it
heals, while running a smaller risk of provoking an inflammatory or rejection
response.3,4,32
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Regenerating the Enthesis-This Work
From
reviewing multiple
factors and outcomes
from the past reported
studies, previous
researchers at the

University of
Memphis designed and

Figure 5. This picture of the custom bioreactor shows the left portion of the
scaffold in static culture, while the right portion of the scaffold is cyclically
stretched.3

developed a functional bioreactor system that was shown to apply user-specified, cyclic
strain to cells growing on a portion of polymeric fabric scaffolds.3 During this
preliminary work, the strain environment experienced by the cells was investigated,
partially quantified and reproducible. In this experimental device, the strain was isolated
to a specified portion of the scaffold, while another scaffold portion remained unstretched
(Figure 5). Instead of tenocytes, which deposit teondon-specific ECM that is meant for
maintenance, this study utilized fibroblasts.7 Fibroblasts have higher metabolic activity
and higher healing capabilities, which are more suitable for regeneration when compared
to tenocytes.33 Differences with fibroblast cell proliferation, glycosaminoglycan
concentration and hydroxyproline concentration were measured based on different
culture environments and strain conditions. Investigators designed the bioreactor system
such that it may be used to evaluate the effects of mechanical stretch on degradable and
non-degradable fabric scaffolds.3 Limitations in that the initial evaluations with cells in
this novel bioreactor was executed using only one strain rate (5%) and only one cell type
12

(fibroblasts) and that same strain rate for the other initial evaluations used both
fibroblasts and osteoblasts.3,4
In order to better characterize the capabilities of and the cellular responses to the
cell stretcher for enthesis regeneration, other strain rates and patterns should be assessed.
After assessing the range of strain rates/patterns utilized by many other researchers, this
study involves the selection of a regime and strain range that should potentially be an
improvement from previous laboratory studies conducted with the stretcher (see
Appendix 1. for a summary of reviewed and referenced stretching). Further literature
review also suggests that rest cycles should be incorporated into the strain cycles in order
to optimize extracellular matrix protein output (GAGs and collagen) by cells.7 In
addition to changes in the stretching regimen, a co-culture should also be carried out;
osteoblasts should be cultured on the un-stretched portion of the scaffold and fibroblasts
or tenocytes should be cultured on the portion of the scaffolds being subjected to cyclic
strain (Table 1 and Figure 6). Finally, future studies should be carried out for 28+ days in
order to allow for matrix deposition to occur.5
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Table 1. The proposed study will expand upon and enhance previous research done aatt the University of
Memphis.3,4 The pump provided a flow rate of 60
60-70
70 mL medium per minute, and each chamber
contained 250-300
300 mL total medium in all studies.

Duration

Previous

14 days

Strain

Studied

Studied

Rates

With

Withou

Observed

Flow

t Flow

5%

Cell Types

Fibroblasts

Work at The

Load Cycle

0.5 Hz that

X

incorporates

University

0.75s of rest
of Memphis

cycle

(Matt
Goodhart)
Previous

30+ days

5%

Work at The

Co-culture

0.5 Hz that

(fibroblasts

incorporates

and

0.75s of rest

osteoblasts)

cycle

University
of Memphis
(Dr. Jared
Cooper)

Current
Research

30 days

0%,

Co-culture

0.089 Hz

2.5%, 5%

(fibroblasts

that

and

incorporat

osteoblasts) es a 10
second rest

14

X

A.

0.75 s

5%

Dwell

0.25 s

0.25 s
%stretch

Extend
Retract
0.75 s
Rest

0%

2s

0s
Time: 2 s Load Cycle

B.

0.75 s
2.5 or 5%
Dwell
0.25 s
%stretch

Retrac
t

0.25 s
Extend
10 s
Rest

0%
0s

11.25s
Time: 11.25 s Load Cycle

Figure 6 A) Matt Goodhart and Dr. Jared Cooper’s work involved 0.5 Hz load cycles. Each cycle
began with 0.25s of actuator retraction, applying the strain to the scaffold. After a 0.75s dwell
period at that maximal stretching point, the actuator extended for 0.25s into the relax position.
The completion of one cycle occurred after a 0.75s pause as shown at right. 1,800 cycles were
completed in 1 hour. B) The current work utilizes a 0.089 Hz load cycle. It begins with 0.25s of
actuator retraction, applying the strain to the scaffold. After a 0.75s dwell period at that maximal
stretching point, the actuator extended for 0.25s into the relax position. The completion of one
cycle occurred after a 10s pause as shown at right. Approximately 1,300 cycles were completed
over the course of 4 hours, each day, for 28 days.
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A review of biomaterials and their properties for enthesis repair and regeneration
The field of tendon and tendon-bone interface engineering has seen the use of
many different degradable and non-degradable materials.32 Materials investigated in past
studies include biologic acellular dermal matrix, collagen-based scaffolds. degradable
polylactic acid fabric, and non-degradable polyester.4,7,32,33,34 In order to test the
proposed hypothesis for enthesis repair and regeneration, a modifiable, biocompatible
biomaterial that was easily acquirable needed to be selected. Specifically, batch-to batch
consistency was needed in order to ensure that the proposed hypothesis was able to focus
solely on cellular responses to cyclic strain and not to test the properties of the scaffold
itself. The rationale for choosing PET as a scaffold for the characterization of enthesis
development under targeted strain application within a cyclic bioreactor is described.
Poly(ethylene terephthalate) or PET is now known by the trade names Mylar®,
Dacron® and TERYLENE®. A high volume polyester, the United States produced 9.5
billion pounds of PET fiber and plastic in 2001.35 Because of its good mechanical
strength, toughness and fatigue resistance up to 150-175°C, as well as good chemical,
hydrolytic and solvent resistance, PET has a wide variety of applications. Fiber
applications account for about 45% of total PET production. PET also has excellent
crease resistance, fair abrasion resistance and can be treated with crosslinking resins to
impart permanent-press properties.35 Because of its relative ease of synthesis, PET has
important commercial applications in both the metastable amorphous state (e.g. soda
bottles) and in the crystalline state (e.g. textile fibers).35
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Material Properties
In addition to having
simple, modifiable and well
understood material
characteristics, PET also has
the potential to serve as a
biocompatible scaffold for
tissue engineering

Figure 7. Typical stress-strain curve for tendon.39

purposes.37,38,39,40 Some of the properties that lend PET this potential include: variable
porosity, variable weave, light weight, low cost, good chemical resistance (non-toxic
wear products) and good flexibility.39 The portion of
the scaffold undergoing cyclic strain for this
investigation needs to be able to withstand up to 5%
strain, repeatedly. This rate corresponds to the yield
point of human Achilles tendon (Figure 7).39 Along
with its other beneficial characteristics, PET has the
ability to withstand the strain regimes outlined in this
research study (Figure 8).41 The maximum amount of
Figure 8. Typical stress strain curve for
PET fibers. A) high tenacity filament,
B) high tenacity staple, C) regular
tenacity filament, D) regular tenacity
staple, E) partially oriented yarn
filament.41

strain that will be applied to the PET scaffolds will
therefore be 5% in this study.
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Motivation for Material Choice
In addition to its ability to withstand the strain regimens outlined in this research
study, PET has been approved by the FDA for several medical device applications, has a
well characterized synthesis method and tailorable qualities. PET has potential
applications in engineering for enthesis repair and regeneration at the tendon-to bone
insertion point.37,38,39,41,41 Compared to nylon and urethane, PET has excellent toughness
and flexibility, but has lower mechanical and increased permeability properties.38 It is
possible to produce PET in a closed loop at low emission costs. Tenacity is a measure of
strength of a fiber or yarn. In the United States, it is usually defined as the ultimate
breaking force of the fiber in gram-force unites divided by denier (gpd). Medium and
high tenacity polyester fibers have 4.8-5.0 gpd and 6-6.4 gpd tensile strengths
respectively. The elongation at break for medium and high tenacity polyesters is 2530% and 16-20% respectively. The tenacity of polyester should not change when wet
and it is resistant to rotting and resistant to acidic conditions. Polyester is also resistant to
many organic chemicals, which is a prerequisite for its use in some cell culture
conditions.36,40,42,43
Non-degradable and resistant to chemical wear, oxidative wear and water
absorbtion, PET has the potential to remain in the body, while serving its purpose,
unaltered for long periods of time.36,38,43 These features will be necessary for assessing
the biological processes that occur within the bioreactor for this investigation. This study
seeks to assess the response of fibroblast cells to cyclic strain application. Osteoblasts
will be co-cultured with the fibroblasts and remain static. The PET scaffolds will
therefore serve as a biologically non-reactive platform for use in characterizing the ability
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of the bioreactor to model enthesis development using osteoblast and fibroblast cells
under cyclic strain application.
Conclusion-Moving Forward with PET
PET has diverse and tailorable material properties. Previous research
demonstrates the biocompatibility and in vivo potential of PET.37,38 In a study executed
in the femoral anterior cruciate ligament (ACL) repair of 60 sheep using PET, (Trevira ®
hochfest) no pathological increase in the total protein concentration occurred after 52
weeks post operation and no significant differences versus the preoperative analysis were
found. Also, cytological examination revealed no increase in leukocyte cell count among
specimens. Finally, no PET wear particles were detected within synovial specimens
taken.38 Histological analysis of specimens following the study’s conclusion (52 weeks)
yielded normal results.38 These data support the use of PET as a non-reactive scaffold for
the study of osteoblast and fibroblast activity in response to cyclic strain application and
medium flow.
Guidoin’s lab has shown that there is still work to be done in the augmentation of
ACL prostheses using polymer fibers.44,45 In his analysis of 117, surgically excised ACL
prosthesis from human patients, he found that the average duration of implantation of
augmentation and replacement prostheses were 21.5+/- 12.6 and 33.2+/-25.3 months
respectively. Rupture and synovitis were cited as the principal cause for excision.44 Each
ACL prosthesis was examined marosopically, histologically, and, after tissue removal, by
scanning electron microscopy (SEM) to determine model, manufacturer, surgical
technique used at implantation, the extent of healing, the site of rupture and the
morphology of the damaged fibers. SEM conducted by Guidoin et al. revealed that
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abrasion of the textile fibers as a result of yarn-on-yarn and/or yarn-on-bone contact was
common amongst all the implants and was noted as the primary cause of failure.45
Guidoin’s lab specifically found that healing inside the synthetic ACL was poorly
organized, incomplete and unpredictable as the extent of collagenous infiltration into the
textile structure did not increase with the duration of implantation.44,45 Guidoin’s work
demonstrates that research is needed to improve the wear characteristics of synthetic
scaffolds. One way to decrease the yarn-on-yarn and/or yarn-on-bone contact is to add a
biological, constantly remodeling layer of extracellular matrix to these synthetic
scaffolds. This addition could potentially be achieved by culturing cells on synthetic
scaffolds to form a biological layer of extracellular matrix (ECM) (composed of
glycosaminoglycans and collagen). The host cells could then migrate to the established
ECM and continue to maintain that ECM. This research study thus seeks to perform a
preliminary investigation of culturing of cells on PET scaffolds and to assess suitability
of sustained work from measurements of their glycosaminoglycan and collagen
deposition in response to various cyclic strain applications.
From reviewing the previous studies conducted on PET and the flexible
characteristics of this biomaterial, PET presents a potential scaffold for a solution to
tendon repair. This biomaterial has very good, chemical and protein resistance, while it
promotes cell adhesion.37,40,41 Depending on the formulation, PET has good tensile
properties and could potentially be fabricated to match the mechanical properties of
native tendon. Problems that arise with the use of polyester, such as those presented in
Guidoin’s study, could be ameliorated by modifying experimental techniques. For
example, a scaffold could be pre-seeded with cells (as described in Bhattacharya et al,
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2000) and stimulated to form aligned collagen fibrils.37 In this way, the augmentative
device could avoid undergoing unorganized, incomplete integration within the host and
potentially have enhanced long-term performance compared to the specimens observed in
Guidoin’s research.44,45 The biological coating consisting of cells and their deposited
matrix could act as a mechanical buffer and decrease polyester’s fiber on fiber and fiber
on bone wear resistance by remodeling in response to stress. Future biological studies
using polymer fibers for tendon augmentation and/or repair should consider biological as
well as non-biological factors. The objectives of this study are to pursue this potential to
augment tendon enthesis repair with an enhanced scaffold.
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CHAPTER 3
Project Aims
We hypothesized that the cyclic appli
application
cation of strain to fibroblasts, while allowing
the osteoblasts to remain static can produce extracellular matrix similar to native
tendon matrix in the transition zone of tendon to bone.
Our hypothesis was that a higher strain rate (up to 5%
strain applied to fibroblasts)) increases the
glycosaminoglycan and collagen deposition of the
constructs, when compared to static cultures in the
same environment (0% strain).5,12 This investigation
will further characterize
haracterize the capabilities of the stretcher
and the matrix deposition responses to targeted cyclic
strain on PET scaffolds for augmenting enthesis repair.
The research objectives are:

Figure 1. Each dot represents a 10 µL
aliquot of cells. 5 of these aliquots were
added to each half of the scaffold, in the
pattern shown, to achieve an initial
population of 500,000 cells per cell type.
After allowing the cells to attach for 15
minutes,, this process was repeated to
obtain a final population of 1 million cells
per cell type, per scaffold. Each scaffold
contained 2 million cells total.

1. The first goal of this study was to coc
culture fibroblasts (NIH3T3s) adjacent to
osteoblasts (MC3T3s) in a petri dish and in
the bioreactor chamber.
ber. The petri
pe dish
condition served as a baseline for assessment
of properties of the matrix and cells at the

conclusion of the study. Scaffolds were first placed in sterile petri dishes. Cells
were concentrated to 10 million cells per mL in cell culture medium. In order to
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achieve the desired cell population, 0.5 million of each cell type was applied to
the designated portion of the scaffold (Figure 1). The scaffolds remained in a dry
petri dish during the seeding process to ensure cell attachment. Following the
first application of cells to the PET scaffolds, the petri dishes containing the
scaffolds were placed in an incubator (37°C, 95% humidity, 5% CO2) for 15
minutes to allow for cell attachment. Next, another 0.5 million cells were applied
to scaffolds. Again, the scaffolds were incubated for 15-30 minutes to allow for
cell attachment. Finally, 10-12 mL medium was added to each petri dish and the
scaffolds were incubated overnight. Placement into the bioreactor chamber
proceeded within 24 hours of the seeding process.
2. One chamber received cyclic strain (4 hours/day, 2.5% strain, 0.089 Hz load
cycle5) to a set of cultures) within the bioreactor environment (4 scaffolds per
chamber, total of 2 chambers per study)
3. A second chamber received cyclic strain (4 hours/day, 5% strain, 0.089 Hz load
cycle5 to a set of cultures) within the bioreactor environment (4 scaffolds per
chamber, total of 2 chambers per study)
4. Longer rest periods were incorporated into all strain cycles (aims 2. and 3. ) (10
seconds within each cycle5,7) as compared to previous work conducted at the
University of Memphis.3,4
5. The regional properties of the matrix and cells following application of test
conditions were examined after sectioning the scaffolds as shown in Figure 2.
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i. osteoblast cells should be assessed for: osteo
osteocalcin
- detection via ELISA
ii. Fibroblast cells should be assessed for collagen deposition
- via hydroxyproline assay
iii. The characteristics of the matrix that was deposited on the stretched
and the non-stretched
stretched portions
portion
should be examined by
-microscopy
microscopy to look for collagen
fibrils
alcien blue assay to quantify
-alcien
GAG deposition (both
(bot sides of
the scaffold will be assessed)
-using
using microscopy, aligned
collagen fibrils should be found
on the stretched portion and
unaligned collagen fibrils should
be found on the non-stretched
non
portion
Figure 2. Scaffolds were cut into three equal portions
designated “osteoblast,” “transition,” and “fibroblast”
for use in ECM assays.

iv. The two sides of the matrix
should exhibit differences (e.g. the
stretched portion should have a

pattern aligned in the direction of the applied stress, while the unstretched
portion should show no pattern.)
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6. Perform experiment without applying cyclic strain, whereby the cultures
experience only the flow strains from flowing medium within the bioreactor.
These conditions will be examined in the same fashion as those that were
subjected to cyclic strain, outlined under aim category 5 and provide control data
for bioreactor conditions.
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CHAPTER 4
REPAIR AND REGENERATION OF THE ENTHESIS: CHARACTERIZING
ENTHESIS DEVELOPMENT ON POLYMER SCAFFOLDS UNDER CYCLIC
STRAIN APPLICATION (Journal of Orthopaedic Research- manuscript
submission)
Introduction
The tendon/ligament-to-bone insertion or enthesis is a functionally graded
material that exhibits a gradual transition from unmineralized to mineralized tissue, with
no clear borders between the two regions.1 This complex organization enables this region
to transfer forces through the tendon/ligament to the bone.2 When this transitional region
is damaged or severed, medical attention is necessary; current surgical and medical
treatments have inefficiencies in existing practices used to repair the tendon-bone
interface once severed.2,5,7 For example, approximately 30% of the population of the
United States over 60 years of age has a rotator cuff tear.1 On a larger scale, the World
Health Organization reports that musculoskeletal disorders account for the third greatest
number of potential life years lost as the result of the mortality and morbidity of
musculoskeletal injuries/diseases.17,18 Clinical studies have shown (for the rotator cuff)
that current practices used for anatomic restoration of tendon attachment at the tendon-tobone insertion site or enthesis has failure rates range from 30-94%.1 For these reasons,
tissue engineering researchers and engineers seek to provide an augmentative solution in
the form of a graft for the alleviation of damaged tendon-bone interfaces.34
The gold standards currently for the repair or regeneration of the enthesis in
clinical use involve the use of an autograft or allograft; each of these options present
significant drawbacks and complications.5,32 The use of an autograft presents the need for
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additional surgeries, which create a second wound site during the harvesting of the graft.
This second wound site increases the risk of morbidity, and increased risk for infection.5
Allografts present complications associated with immune rejection, cellular infiltration
and incorporation into the surrounding tissue environment.32 Past research utilizing
synthetic scaffolds have shown early promise, but these synthetic scaffolds never fully
integrate into the repair site and often fail due to fiber on fiber or fiber on bone
interactions.42,44,45 Researchers in the field of regenerative medicine therefore are
searching for ways to incorporate cells and cellular materials to improve the long term
viability of synthetic grafts.5,7,10,11,16,32 The technical challenge is to have the cells and
cellular materials manipulated to form this graded transition of unmineralized to
mineralized tissue that is characteristic of enthesis morphology.1,2 Strategies by many
researchers using multiple cell types and multiple signaling types have shown promise in
modeling the enthesis morphology in vitro.10,11,16
Enthesis repair and regeneration presents a challenge to tissue engineers in that
the transition is graded and there is a material mismatch located at the extremes.1,2 This
project seeks to preliminarily investigate the cellular responses, of fibroblasts and
osteoblasts that are cultured on a polymer (PET) scaffold, to cyclic strain applications and
media flow within a bioreactor. Fibroblasts and osteoblasts will be used to deposit
extracellular matrix (ECM) components characteristic of transition from unmineralized to
mineralized tissue that is found within the tendon to bone transition respectively. For
both cell types, glycosaminoglycans (GAGs) are an important ECM contribution that has
the potential to improve the mechanical integrity of the scaffold.19,20 Collagen, another
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ECM component indicative of fibroblast and osteoblast activity, will also be assessed in
these studies.
Collagens, along with elastin and decorin, are responsible for tendon’s
viscoelastic properties.1,33 For the endogenous tendon region of the enthesis, a
characteristic alignment of collagen fibrils is found which is not present in the osteoblast
region.1 Osteocalcin is a late emerging growth factor that suggests the potential for
osteoblasts to mineralize their portion of the tissue engineered enthesis. This investigation
sought to expand on previous research conducted at the University of Memphis and the
available research literature to further characterize the capabilities of the stretcher and the
matrix deposition and cellular signaling responses to targeted cyclic strain on PET
scaffolds for augmenting enthesis repair.3,4,5,10,12 We hypothesized that longer strain
application to fibroblasts (up to 5%), while allowing osteoblasts in culture to remain
static and exposure to medium flow within the bioreactor will result in increases in GAG
and collagen deposition on the constructs and osteoblastic activity when compared to
static cultures in the same environment (Low to 0% strain in a bioreactor with medium
flow condition and 0% strain and no medium flow of constructs cultured in a petri dish).38,12

A ten second rest cycle was incorporated into the stretching regimen for all

conditions receiving stimulation in the bioreactor based on review of previous studies by
Scott et al.7 Thus, the objectives of this study were as follows: (1) measure and quantify
ECM deposition by a co-culture of osteoblast and fibroblast cells following culture in test
conditions (Petri Dish condition, 0%, 2.5%, 5% strain conditions within bioreactor) for
28 days (2) qualitatively assess collagen fibril alignment of the matrix material across the
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scaffoldd and the difference in co
co-cultured
cultured regions (3) quantitatively assess potential for
mineralization by osteoblasts.
Methods
Scaffold Preparation
Polyester terepthalate (PET) (Biomedical Structures, Warwick, Rhode
R
Island)
scaffolds were cut to be 10 cm wide and 80 cm long. Edges were melted using
approximately 2 second exposure to the

A

205° C surface of a small metal plate,
PET Fabric
Scaffold

heated on a hotplate to avoid fraying.
Scaffolds were then washed with generic

dish soap and sonicated for 30 minutes in

B.

warm tap water. Six rinses, in tap water,
were then conducted,, each for 15 minutes
for each rinse.. Overnight soaking in 70%
ethanol at room temperature was used for
C

sterilization of the scaffolds.
scaffolds Prior to
seeding, scaffolds were washed with
sterile phosphate buffered saline (1X) and
then soaked in 15 mL, sterile, 100% fetal

Figure 1. A) Osteoblasts are seeded onto the right side
of the scaffold pictured above and fibroblasts are
seeded onto the left portion of the scaffold. B)
Scaffolds were then placedd into the bioreactor as
shown.3,4 C) The current work utilizes a 0.089 Hz load
cycle,
cle, which incorporates a 10s rest period as shown.

attach.
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bovine serum (FBS) (Hyclone) for one
hour. This FBS soak provided an initial
protein coating
ng onto which cells can

Cell Seeding and Bioreactor Assembly
NIH3T3 mouse fibroblast (CRL-1658 ATCC, Manassas, Virginia) and MC3T3 mouse
osteoblast (CRL-2593 ATCC, Manassas, Virginia) cells were seeded on opposite sides
of the scaffold, to a density of 1 million cells per scaffold, per cell type (Figure 1, A). A
culture medium of α-MEM (HyClone, Logan, Utah), 10% FBS (FBS, ATCC), and 1x
antibiotic/antimycotic (AB/AM, 1000 U/mL penicillin, 1000µg/mL streptomycin, 2.5
µg/mL amphotericin B, Gibco, Grand Island, New York) was used during cell growth C.
and passaging procedures. This medium was supplemented with 10mM L-ascorbic acid
(Acros Organics, New Jersey) following insertion into either the bioreactor or petri dish
environment. Medium was refreshed manually using a serological pipette, once a week.
Ascorbic acid was added bi-weekly (every 3 days) using a serological pipette. The
bioreactor chamber contained ~250-300 mL medium and the petri dish contained ~10-12
mL medium. Medium is pumped at a rate of 60-70 mL/min through gas permeable
tubing (Cole-Palmer, Vernon Hills, IL) from entry to exit of the bioreactor for the
purpose of gas exchange. The bioreactor and petri dish conditions were kept at 37 °C,
95% humidity with 5% CO2 for the duration of the study.
The bioreactor contains clamps that allow for the side of the scaffold containing
fibroblasts to be stretched at the selected strain rates, while allowing the side of the
scaffold with osteoblasts to remain static, with no applied strain (Figure 1, B).3,4
Strain was applied to 4 scaffolds per chamber, at rates of 5%, 2.5% and 0%.
Strain was applied at a frequency of 0.089 Hz, 4 hours/day, with 10 second rest cycles
incorporated into each cycle (Figure 1,C).3,5,7 The study was carried out for 28 days.3,4,5
A program developed in our laboratory using LabView (v. 8.0 National Instruments,
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Austin, Texas) was used to control the actuator for application of desired stretching
regime.3
ECM Assays
Scaffolds were removed from the bioreactor and sectioned into three equal parts.
The side populated by fibroblasts is designated the fibroblast region, the middle portion is
designated as the transition region and the side populated by osteoblasts is designated the
ostoblast region (Figure 2)
2). Scaffold portions were then digested in proteeinase K at 60 °C
for 16 hours prior
rior to the eexecution of the alcian blue,
picogreen
green and hydroxyproline assays. GAG content of the
scaffolds was determined using the alcian blue assay
(National
National Diagnostics, Atlanta, Georgia
Georgia). Relative cell
populationn was determined using the pico
picogreen assay
(Invitrogen,
gen, Grand Island, New York
York). Collagen content of
each scaffold was assessed uutilizing a hydroxyproline
assay; this involved the direct measurement of
the amino acid, hydroxyproline.46,47 For this

Figure 2. Scaffolds were cut into three
equal portions designated “osteoblast,”
“transition,” and “fibroblast” for use in
ECM assays.

procedure, collagen proteins were hydrolyzed to
amino acids using 6M HCl and then oxidized to a pyrrole with chloramine-T.
chloramine A
chromophore is then formed using Ehrlich’s reagent. The result is a colorimetric
response, which is measured at a wavel
wavelength of 550 nm. Medium samples,
samples taken at the
end of the 30 day study, were utilized for osteocalcin assessment via ELISA (Biomedical
Technologies Inc, Stoughton, Massachusetts
Massachusetts). Matrix structure was viewed using an
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EVOS (EVOS f1, Advanced Microscopy Group, Bothell, Washington) light microscope,
at 10X or 4X magnification, on untreated samples.
Statistics
The data for each assay were collected and averaged. All assays were normalized
to their respective picogreen DNA content for each respective sample. Two-way
ANOVA tests with Holm-Sidak post-hoc test was performed on the necessary groups at
the significance power of α=0.05 and P </= 0.001 using SigmaStat 3.1 (Systat Software
Inc., San Jose, California).
Results
The research team hypothesized that the targeted cyclic application of strain to
the fibroblasts populating one half of the PET scaffold, while the half populated by
osteoblasts remains static, can produce extracellular matrix similar to native tendon
matrix in the transition zone of tendon to bone. Specifically, the hypothesis was that a
higher strain rate (up to 5%) increases the glycosaminoglycan and collagen deposition of
the constructs, when compared to static cultures in the same environment (0% strain).5,7,12
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GAG and Collagen Deposition
The picogreen assay determined that, compared to the petri dish condition,
bioreactor
conditions
did not
significantly
impact cell
number
(data not
shown). All
scaffolds
Figure 3. GAG deposition onto PET scaffolds by region compared to the DNA content of
that region of the scaffold. N=4 for 5% and 0%, N=3 for 2.5%. α=0.05, P </= 0.001.

had

approximately the same population of cells after 28 days in the bioreactor. The ECM
components deposited on the scaffolds in the fibroblast, transition, and osteoblast regions
examined in this study are GAGs and collagen measured by alcian blue and
hydroxyproline, respectively. Deposited matrix distributions on the different regions
(osteoblast, transition and fibroblast) of the scaffold were measured by analyzing each
portion of the scaffold and normalizing the GAG and collagen content of that scaffold
portion to the DNA content of that scaffold portion as determined by the picogreen assay
(data not shown). GAG/DNA was found to be highest in the 2.5% condition and lowest
in the Petri Dish condition. The 2.5% and 5% condition performed better than the 0%
condition in the osteoblast and transition regions (Figure 3).

33

Thee collagen deposition on the scaffold was found to be highest in the 2.5%
condition
for all
regions of
the
scaffold
and the
Petri Dish
condition
was found
to be the

Figure 4. Hydroxyproline content of PET scaffolds by region compared to the DNA
content of that region of the scaffold. N=4 for 5% and 0%, N=3 for 2.5%. α=0.05, P </=
0.001.

lowest. The petri dish condition had a high amount of collagen in its transitional region
compared to its other regions and compared to the 0% condition (Figure 4).
4 This
outcome may be due to the absence of a clamp in the petri dish condition, which inhibits
ECM deposition in the condit
conditions cultured in the bioreactor.
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Collagen Fibril Alignment

A

B

C

D

Figure 4. Matrix development on the PET scaffolds. A) 0% stretch condition showed little
matrix development. B) 2.5 % stretch condition demonstrated dramatically more matrix
development compared to the 0% condition. Shown are matrix elements growing off of the
scaffold.
affold. C) 5% stretch condition showed the same morphology as the 2.5% stretch condition.
Shown is the deposited matrix growing as sheets aligned in the direction of stretch. No
collagen fibril alignment was able to be determined for any condition using an optical
microscope. D) Both cells and matrix material extended a significant distance from the
material. This is an extension of the tendril featured in Figure 4, B. Figures A and C were
obtained using 10X magnification. Figures B and D were obtaine
obtained
d using 4X magnification.

Collagen
ollagen fibril alignment and qualitative assessment of the matrix material across
the scaffold and the difference in co
co-cultured regions was pursued using a light
microscope and visual examination
examination. No collagen fibril alignment in the direction of the
C

applied strain was able to be determined via light microscope
microscope. The 0% condition had little
visible deposited matrix as seen by both the naked eye an
and
d the light microscope
microsc
(Figure
5,, A). The 2.5% condition however, had noticeably more matrix deposition, with long
tendrils of material growing off of the polymer scaffold (Figure 5,, B). Further analysis
must be donee to determine the exact composition of these tendri
tendrils, but the Analysis using
a light microscope did show that both cells and matrix were present in these structures
(Figure 5, D).
). The 5% condition showed similar matrix development when compared to
the 2.5% condition. By moving the focal plane of the light microscope, alignment
of the
D
overall matrix appeared to follow the direction of stretch, but no specific collagen fibril
alignment was visible (Fig
(Figure 5, C).
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Media Osteocalcin Levels
The assessment
ment of the potential of the osteoblast population to mineralize
mineraliz the
synthetic enthesis graft was pursued bby osteocalcin detection via ELISA.. The 5%
condition
demonstra
ted
significant
ly more
osteocalci
n in the
media
than any

Figure 6. Chamber media osteocalcin levels determined at the end of the study (30 day
time point). The black line represents the Petri Dish condition’s osteocalcin level.

other
condition (Figure 6).
). The 2.5% condition had more os
osteocalcin
ocalcin content than the 0% and
petri dish conditions (Figure 66). There was no significant difference between the 0% and
petri dish conditions.
Discussion
Current tissue engineering strategies for enthesis repair utilizing grafts focus on
the use of a synthetic scaffold in order to avoid the drawbacks associated with an
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allograft or autograft.5,7,32
Synthetic scaffolds however tend to fail due to fiber on fiber

and/or fiber on bone wear over a prolonged pe
period
riod of time and have poor integration
in
into
the host tissue.43,44 We evaluated the addition of two cell types and matrix to create an
ECM on a synthetic scaffold to serve as an augmented biological structure for more rapid
enthesis regeneration and to pot
potentially lessen the previously observed wear trends. Our
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research goal was to preliminarily investigate the cellular responses of a co-culture of
osteoblasts and fibroblasts in a bioreactor that applies cyclic stretch to an isolated
scaffold region for investigating enthesis repair and regeneration.
Previous research at the University of Memphis involved the design and initial
testing of the bioreactor used in this study.3,4 This bioreactor was constructed for the
purpose of aiding in the preconditioning of multiple spatially selective, co-cultured
scaffolds for enthesis regeneration.7 The bioreactor was also designed to include a
perfusion system to provide continuously flowing medium to the bioreactor chamber.7,31
Previous studies conducted at the University of Memphis however, did not test the effect
of the perfusion on the cells by implementing an unstretched (0% strain) condition and
comparing it to a control (Petri dish condition). This current research investigated the
role of perfusion on cells within the bioreactor and found that the strain induced by media
perfusion alone results in a significant increase in GAG and collagen deposition from
both osteoblasts and fibroblasts, but does not significantly influence osteocalcin
production by osteoblasts. The initial design and testing of the bioreactor at the
University of Memphis also investigated the regional differences in collagen and GAG
deposition on scaffold with only fibroblasts that were subjected to cyclic strain. The
findings of the current work, conducted using a co-culture of osteoblasts and fibroblasts,
are consistent with the findings of the previous work in that no significant differences
were seen between the stretched and unstretched portions of the scaffolds.7 Like the
previous researchers, we attribute this finding to the fact that the osteoblasts and
fibroblasts were cultured in the same medium.7,26,48
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A second series of studies carried out at the University of Memphis involved the
co-culture of osteoblasts and fibroblasts within this bioreactor much like studies by Scott
et al and Joshi et al.3,5,7 These studies at the University of Memphis further characterized
the bioreactor’s potential to produce grafts for enthesis tissue regeneration. We and
others have determined that osteoblasts and fibroblasts could be seeded to produce two
distinct tissue specific regions.3,4 When carrying out a 35 day study, applying 5% cyclic
strain with 0.5 Hz load cycle frequencies for 1 hour per day, with identical cell culture
condition, these researchers had findings similar to those of the current study.3,4
Stretching regimes or lack thereof did not produce a significant difference of collagen or
GAGs deposited when comparing the osteoblast, transition, and fibroblast regions.3,4 The
current work extended these previous studies in that it investigated the role of multiple
strain conditions and compared these strain conditions to a no strain or fluid flow, Petri
dish control condition. By extending upon the previous research conducted at the
University of Memphis, we found that medium flow and cyclic strain application
significantly increase the GAG and collagen deposition of a co-culture of osteoblasts and
fibroblasts. The current work also found that the application of 2.5% strain can produce
2 times more collagen and GAGs when compared to static culture. Future work must be
conducted to determine if the application of 5% strain results in significantly different
GAG and collagen deposition responses of cells when compared to 0% and 2.5%
conditions and the in vivo responses to these conditions.
A biological addition to a synthetic scaffold for enthesis repair could be
augmentative, i.e. serve to decrease wear trends, increase strength and gradually
transition from tendon to bone.43 An increased GAG content could potentially increase
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the grafts strength as GAGs serve to enhance mechanical flexibility of tissue in vitro and
collagen is a major component of both tendon and bone tissue.1,19,20 Organized collagen
fibrils are partially responsible for lending tendon its viscoelastic property.1,10,16 This
study demonstrated that applying 2.5% cyclic stretch to fibroblasts on a polymer scaffold
within a perfusion bioreactor results in a 2-fold increase in GAG and collagen deposition
by both cell types, as well as a slight increase in osteocalcin output by osteoblasts. Coculturing osteoblasts and fibroblasts in the bioreactor under solely the strain induced by
media flow produced an increase in GAG and collagen deposition above the control
threshold (Petri dish condition). These increases of GAGs and collagen have been
reported by Maeda et al. and Juncosa-Melvin et al. in their studies.6,48,49 Our study
finding correlates with the previous studies, which found that the cyclic stretching of the
fibroblasts increased their cellular signaling output.5,6,7,24, 26,49 These GAGs, collagen and
cellular signaling molecules from fibroblasts may also be influencing the osteoblasts to
increase their ECM matrix and osteocalcin output through a type of cell-cell
communication commonly referred to as paracrine signaling.26,48 Cyclic stretch
application also resulted in approximately 2 times more matrix development, which
causes the matrix began to grow off of the scaffolds. This feature could potentially solve
another problem inherent of synthetic scaffolds: poor host integration.44,45 By influencing
the cells to begin growing matrix (e.g. GAGs and collagen fibrils) throughout and
extending from a synthetic scaffold in vitro, we could reasonably propose better host
integration in vivo through the extending matrix elements.
Conclusions
Cells respond to cyclic strain application and medium flow by depositing ~2 times
more GAGs and collagen onto the scaffold per cell present when comparing 2.5%
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condition to the petri dish condition (no strain and no flow). Cyclic strain application did
not significantly impact cell number. MC3T3 and NIH3T3 cells were found to
proliferate equally within the two bioreactor chamber conditions. This study
demonstrates that applying cyclic strain to fibroblasts with a co-culture of osteoblasts
(with no cyclic strain) stimulates an increased amount of ECM component deposition
when compared to static culture (Petri Dish). A higher concentration of ECM elements
suggests that a more robust scaffold could result from the procedure described and
therefore could serve to augment synthetic scaffolds currently in use with enthesis repair
procedures.
The increase in matrix development was enough to be visibly observed. Matrix
growing off of the scaffolds (Figure 4, B) in vitro, could potentially promote better
integration of the scaffold into tissue when placed in vivo and result in better
biomechanical and histological properties as was found by Juncosa-Melvin et al. during
their in vivo study.49,50 This matrix could also serve to reduce fiber on fiber and fiber on
bone based failures associated with the use of synthetic grafts as noted by Guidoin et
al.44,45 Compared to static cultures, osteocalcin content of the medium from the
osteoblasts was increased in the presence of fibroblasts undergoing cyclic strain. This
result may show that cell-cell signaling could have been occurring that influenced this
upregulation in osteocalcin output by the osteoblasts.21,26,50 An increase in osteocalcin
output signifies the potential for an increase in bony matrix development by osteoblast
cells.
In summary, this preliminary in vitro study suggests the potential for the
augmentation of synthetic scaffolds with biological material (cells and matrix). The
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addition of cells and matrix material would provide an element that synthetic scaffolds
lack: the ability to remodel and adapt to a new environment. This study also showed that
by co-culturing fibroblasts and osteoblasts on polymer scaffolds in a bioreactor with
medium perfusion and cyclic strain application, enthesis regeneration could be a future
research avenue to be pursued.
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CHAPTER 5
CONCLUSIONS
In this preliminary in vitro study, fibroblasts were cultured under varying strain
conditions (0%, 2.5%, 5%) with osteoblasts that received no strain in a bioreactor with
constant medium flow or in a petri dish with no strain and no flow for 28 days. All
conditions that incorporated stretch and flow showed an increase in GAG and collagen
deposition onto the scaffolds. When compared to a petri dish culture, the condition that
incorporated 2.5% strain and medium flow demonstrated a two fold increase in GAG and
collagen deposition. An increase in matrix deposition was observed among constructs
that were subjected to cyclic strain when compared to the 0% strain condition. Applying
5% strain to constructs resulted in increased medium content of osteocalcin, signifying an
increase in potential osteoblast activity.
A unique finding upon conclusion of the study was the extension of the
extracellular matrix components from the scaffolds that underwent cyclic strain.
Although the exact composition of these extensions could not be determined, cellular
assays detected a higher concentration of GAGs and collagen in samples containing
tendrils (2.5% and 5%). These data suggest that the tendrils (extracellular matrix
extensions) could be partially composed of GAG and collagen matrix. This ECM activity
is encouraging in that the co-culturing of cells on synthetic scaffolds for the purpose of
establishing an ECM could potentially serve two purposes: (1) to decrease fiber on fiber
and fiber on bone wear and (2) to increase the in vitro integration with host tissue.
Regarding the former issue, Guidoin et al found that fiber on fiber and fiber on bone wear
is a major problem that arises with the use of synthetic scaffolds.44,45 This finding defines

45

a need for a means to decrease fiber on fiber and fiber on bone wear. Regarding the latter
issue, Juncosa-Melvin et al has shown that in vitro mechanical stimulation prior to
surgical implantation positively affects the in vivo biomechanics and histology of stem
cell-collagen sponge constructs used to repair central rabbit patellar tendon defects.49,50
These data suggest that the stretched constructs better integrated within the host tissue.
The increased ECM deposition (GAGs and collagen) that resulted from the stretching
conditions of the current research could potentially act as a barrier between graft fibers
and between the fibers and host bone to decrease graft failure and the subsequent need for
corrective surgery. Taking into account the results of Juncosa-Melvin et al’s research,
the extensions of ECM and cells that were viewed upon removal from the bioreactor,
could increase the ability of these synthetic scaffolds to integrate in vivo and positively
influence the biomechanics and histological characteristics of the regenerated tissue.49
The preliminary in vitro data demonstrate that medium flow and cyclic strain
application significantly increases the ECM output of co-cultured cells. The ability of the
bioreactor to pre-condition grafts could improve the long term viability of synthetic grafts
in vivo and decrease the need for the use of an allograft or autograft. While additional in
vivo and in vitro studies are needed in order to characterize the applicability of ECM and
cell coated, synthetic scaffolds for enthesis tissue engineering applications, these data
represent promising potential for their use in regenerative medicine applications.
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CHAPTER 6
FUTURE WORK
Limitations of this study include: (1) limited sample size of four, (2) limited
stretching conditions (0%,2.5%,5%) and (3) limited qualitative analysis of matrix
development due to the limited sample size. Within the resource constraints for this
project, only four scaffolds were able to be cultured per condition, per 30 day culture
period. More bioreactors would have been preferable so that more replicates could be
pursued in order to demonstrate the reproducibility of the culture conditions. Due to the
limited sample size, the exact composition of the tendrils could not be determined. With
more samples, these tendrils could be removed and individually assayed to quantitatively
and qualitatively determine their composition (e.g. hydroxyproline, picogreen and alcien
blue assays). In addition, following the conclusion of this project, it can be noted that the
PET did not provide a suitable substrate for fibroblast development at the higher strain
rate (5%). There was a significant amount of stress relaxation in the fabric following its
removal from the bioreactor in the 5% condition samples when compared to the 2.5%
condition samples and 0% condition samples. This strain rate represents the yielding
point of human achillies tendon tissue and is close to the yielding point of PET.39,41 This
physical fact suggests that more strain rates below this threshold should be investigated
for better matrix development on the region undergoing cyclic strain and a decreased
potential for scaffold damage. Finally, due to limited sample size, the use of a light
microscope, which does not destroy or alter samples was used for the analysis of collagen
fibril alignment. Future studies should incorporate more replicates, so that one or two
scaffolds could be used for representative qualitative analysis using stains, histology
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and/or SEM or transmission electron microscopy (TEM) to determine collagen fibril
alignment, tendril composition and ECM composition.
Future work must also be done to determine the impact of fibroblast-osteoblast
communication or paracrine signaling within the chambers. These potential signaling
measurements could be done by examining the contents of the medium at more time
points during the study and/or by looking at the gene regulation of cells cultured in
medium conditioned within the bioreactor. For example, medium could be cultured
within the bioreactor for 28 days. Every 7 days, when medium is refreshed, the medium
(conditioned by cells over 7 days) from the chamber could be collected. A controlled,
petri dish culture of fibroblasts seeded separately from osteoblasts could then be exposed
to this medium. These cells could then be assayed for fibrocartilage-relevant markers
(e.g. collagen type 2 and agrecan) to quantify the ability of the conditioned medium’s
effects on each cell type.26,48 In addition, GAG and hydroxyproline assays could be used
to determine the effect of fibroblast signaling on osteoblasts and osteoblast signaling on
fibroblasts (paracrine signaling). Finally, material testing should be done to elucidate
whether or not the matrix deposition improves the mechanical properties of the scaffolds
once populated by cells that actively deposit ECM proteins.
If scaffolds developed by applying cyclic strain to fibroblast populations, while
osteoblast populations remain static show promise, future work should be done to
develop a simplified bioreactor model. The current bioreactor configuration is time
consuming to assemble and utilize for enthesis tissue engineering research. A less
complicated construction would result in less time spent, by the researcher, maintaining
the bioreactor and more time used accumulating samples for use in assessment methods.
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Ultimately, if a bioreactor can reproducibly condition cells on polymer scaffolds
for enthesis tissue engineering, an animal model should be used to prove the in vivo
viability of the technique described here. A rabbit patellar tendon model as described by
Juncosa-Melvin et al could be used to elucidate the biomechanical and histological
properties of the tissue engineered enthesis grafts in vivo.49
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APPENDIX 1
The table below summarizes the figures from the literature related to the
application of strain to cells in bioreactor environments. Fields that were not stated in the
literature related to the stretching regimen are left blank. Unless otherwise noted, all
studies were carried out in vitro.

Research
Group/Type
of Strain
Applied

Strain
(%)

Frequencies
Tested (Hz)

Duration of
Stimulus
Application

Cycles
Tested

Rest
Period(s)
Used
(seconds)

Other data
given

Goodhart/
cyclic

5%

0.5

1 hr

1,800/
day

N/A

Cooper/
cyclic

5%

0.5

1 hr

1,800/
day

N/A

Dwell:
0.75s
Rest: 0.75s
Dwell:
0.75s
Rest: 0.75s

0.5

24 hr/day
1 day
24 hr/day
1 day
4 hr/day
1-4 weeks

7,200
cycles/
day

1.05

Petersen/
cyclic
Petersen/
cyclic
Joshi/cyclic
-Default

1
12.5

0.5

Joshi/cyclic
- Strain
amplitude
varied

12.5

0.5

4 hr/day
1-4 weeks

7,200
cycles/
day

0.1-2.95

Joshi/cyclic
- Strain rate
varied

5-50

0.5

4 hr/day
1-4 weeks

7,200
cycles/
day

2-3.5

[7]
Joshi/cyclic
-Frequency
(pause)
varied

12.5

0.1-1

2-20 hr/day
1-4 weeks

7,200
cycles/day

0.1-9.05

56

Amplitude
of strain:
5%
Dwell: 0.1
s
Amplitude
of strain:
2.5-10%
Dwell: 0.1
s
Amplitude
of strain:
5%
Dwell: 0.1
s
Amplitude
of strain:
5%
Dwell: 0.1
s

Research
Group/Ty
pe of
Strain
Applied
Joshi/cyclic
-Cycle
number
varied
Joshi/Cycli
cFrequency(
pause)
varied

Strain
(%)

Frequenci
es Tested
(Hz)

Duration of
Stimulus
Application

Cycles
Tested

Rest
Period(s)
Used
(seconds)

Other data
given

12.5

0.5

1-24 hr/day
1-4 weeks

1,80043,200
cycles/day

0.1

12.5

0.1-1

4 hr/day
1-4 weeks

1,40014,400
cycles/day

0.1-9.05

-Amplitude
of strain:
5%
-Dwell: 0.1
s
-Amplitude
of strain:
5%
-Dwell: 0.1
s

2

24 hr/day
21 day

0
1-3 weeks
2 hr/day
1-3 weeks
2 hr/day
2 weeks
2 hr/day
2 weeks
2 hr/day
2 weeks
2 weeks

Maeda/cycl
ic

Scott/static

0

0

Scott/cyclic

5

0.1

Scott/cyclic

2.5

0.1

7.5

0.1

Scott/cyclic
Scott/cyclic

10

0.1

Scott/cyclic

10

0.1

Yang/static

0

0

Yang/cycli
c

4

0.5

Yang/cycli 8
c

0.5

0
1 day
4 hr/day
1 day

4 hr/day
1 day
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-Amplitude
superimpos
ed on
original
strain: 3%
-Tendon
fascicles
0

0

100
cycles/day

10

-Repetition
of load
application:
10, 100,
1000

Research
Group/Type
of Strain
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APPENDIX 2
Details of SCX’s impact on Tenocyte development
SCX directly regulates transcription of the gene for collagen type 1, which
encodes the most abundant protein in tendon.7 SCX levels have been found to be highest
in tendon tissue. SCX levels become elevated under static and cyclic loading. Collagen
type 1 expression thus also increases with static and cyclic loading.7 Higher strain levels
also have been found to correspond to higher levels of SCX and collagen type 1
expression. Repeating the number of loading cycles also increases SCX and collagen
type 1 expression. SCX and collagen type 1 have been found to increase in response to
rest-inserted load applications.7

60

APPENDIX 3
Details of PET Synthesis and Material Properties
The most important commercial polyester is PET. The IUPAC name is
poly(oxyethyleneoxyterephthaloyl). Two processes are used for the synthesis of PET,
one based on dimethyl terephthalate (DMT) and the other on terephthalic acid (TA) [31].
The DMT process for example, is a two-stage ester interchange process between DMT
and ethylene glycol.35 The reactants are heated at temperatures increasing from 150 to
210° C and the methanol is continuously distilled off. In the second-stage, the
temperature is raised to 270-280° C and the polymerization proceeds with the facilitated
removal of ethylene glycol via a partial vacuum of 66-133 Pa. The first stage of the
polymerization is a solution polymerization and the second stage is a melt polymerization
due to the fact that the reaction temperature is above the crystalline melting temperature
of the polymer.35
Various combinations of reactant(s) and process conditions are potentially
available to synthesize polyesters.35 Polyesters can be produced by direct esterification
of a diacid with a diol or self-condensation of a hydroxyl carboxylic acid. Since
polyesterification is an equilibrium reaction, water must be continuously removed to
achieve high conversions and high molecular weights. Control of the reaction
temperature is important to reduce the presence of side reactions such as dehydration of
the diol to form diethylene glycol. Side reactions are unfavorable as they directly
interfere with the polymerization by altering the stoichiometric ratio of the reacting
functional groups, which affects the end polymer’s molecular weight.35
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The carboxyl functional groups for synthesizing polyesters can be supplied by
using diacids, acid anhydrides, diacid chlorides, or dimethyl esters.35 The cost and purity
of the different reactants are important as are the reaction conditions required. Direct
reactions of diacids or anhydrides with diols are often circumvented because of the
elevated temperatures required to eliminate water (Figure 1.). However, these reactions
are used to produce low molecular weight and crosslinked polyesters based on phthalic
and maleic anhydrides. Ester substitution, typically using a dimethyl ester, has often
been used instead of direct esterification with the diacid or anhydride because the
reaction is fast and the dimethyl ester is often more easily purified and has solubility
characteristics.35
Figure 1. The condensation reaction that takes place in the synthesis of polyester is as
follows:
(n+1) R(OH)2 + n R´(COOH)2 → HO[ROOCR´COO]nROH + 2n H2O 35
With its common ingredients and relatively simple manufacture process, polyester has the
potential to serve as a template in synthetic as well as biological applications.
End-Product Properties
The properties and usefulness of the final polymer depends on the manipulation of
its structure by appropriate regulation of process variables during polymerization and
subsequent processing into product. Temperature control and the choice of catalysts are
critical in minimizing deleterious side reactions. A dual catalyst system is used in PET
synthesis [31]. The first-stage catalyst is an acetate of manganese, zink, calcium, cobalt,
or magnesium. Antimony (III) oxide is usually added as the second-stage catalyst; it is
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ineffective alone for the first-stage reaction. The first-stage catalyst is often inactivated
by the addition of an alkyl or aryl phosphite or phosphate.35
Production of high-molecular-weight polymer requires the complete removal of
ethylene glycol.35 If ethylene glycol is not removed, equilibrium could be established at
too low an extent of reaction and the product would be of very low molecular weight. A
unique feature of the ester interchange process is that there is no need for stoichiometric
balance of the two functional groups at the start of the polymerization.35
Woven versus Non-Woven
Woven and knitted textile fabrics usually have apertures or openings formed by
the crossing of yarns or looping of yarns. In certain cases, the apertures may be
extremely small or even fully closed by weaving the yarns in both the warp and the filling
direction so close together that they touch.36 In other instances the fabric may be woven
open and then shrunk to close the openings between the yarns, or they may be napped or
treated to close the holes. In most instances however, the fabrics will have a regular
pattern of openings or apertures or areas wherein the fiber density is much less than in
adjacent areas.36 Sometimes these holes or low density areas may not even be discernible
with the naked eye, but are discernible under high magnification.36
Nonwoven fabrics are primarily a web of loosely assembled fibers held together
by a binder.36 Such a fabric may be considered nonapertured and usually has no uniform
pattern of openings. In some instances, the web may be treated by various techniques to
produce a pattern of openings in the fabric. Also in some instances the webs may be
shrunken or treated to form felts and produce nonapertured products.36

63

Biological Properties
In order to accommodate cells and guide their growth and tissue regeneration in
three dimensions, a highly porous scaffold or artificial extracellular matrix should be
sought.12 Artificial scaffolds, such as polyester, are pursued for their lack of
immunogenicity, their batch to batch consistency and the ability to alter the properties of
the material.12,32 Aliphatic polyesters such as poly(lactide), poly(glycolide), and their
copolymers are biodegradable, biocompatible and approved by the Food and Drug
Administration (FDA), for example. Textile technologies are used to fabricate woven
and nonwoven matrices. Ideally, a fiber diameter should be chosen based on the intended
purpose of the biomaterial. Based on their intended use, fibers may be degradable or
non-degradable in vivo.12,32
Medical textiles represent structures designed and accomplished for medical
applications. The number of applications is diverse, ranging from a single thread suture to
the complex composite structures for bone replacement and from the simple cleaning
wipe to advanced barrier fabrics used in operating rooms.12 Textile materials and
products, that have been engineered to meet particular needs, are suitable for any medical
and surgical application where a combination of strength, flexibility and sometimes
moisture and air permeability is required.
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